Abstract Lignocellulosic biomass conversion inhibitors, furfural and HMF, inhibit microbial growth and interfere with subsequent fermentation of ethanol, posing significant challenges for a sustainable cellulosic ethanol conversion industry. Numerous yeast genes were found to be associated with the inhibitor tolerance. However, limited knowledge is available about mechanisms of the tolerance and the detoxification of the biomass conversion inhibitors. Using a robust standard for absolute mRNA quantification assay and a recently developed tolerant ethanologenic yeast Saccharomyces cerevisiae NRRL Y-50049, we investigate pathwaybased transcription profiles relevant to the yeast tolerance and the inhibitor detoxification. Under the synergistic inhibitory challenges by furfural and HMF, Y-50049 was able to withstand the inhibitor stress, in situ detoxify furfural and HMF, and produce ethanol, while its parental control Y-12632 failed to function till 65 h after incubation. The tolerant strain Y-50049 displayed enriched genetic background with significantly higher abundant of transcripts for at least 16 genes than a non-tolerant parental strain Y-12632. The enhanced expression of ZWF1 appeared to drive glucose metabolism in favor of pentose phosphate pathway over glycolysis at earlier steps of glucose metabolisms. Cofactor NAD(P)H generation steps were likely accelerated by enzymes encoded by ZWF1, GND1, GND2, TDH1, and ALD4. NAD(P)H-dependent aldehyde reductions including conversion of furfural and HMF, in return, provided sufficient NAD(P)
Introduction
Renewable biomass including lignocellulosic materials and agricultural residues contribute to low cost bioethanol production (Bothast and Saha 1997; Liu et al. 2008a) . In order to utilize such materials by fermentative microorganisms, lingocellulosic biomass needs to be depolymerized into simple sugars. During lignocellulosic biomass hydrolysis pretreatment, numerous chemical by-products are generated which inhibit fermentative microorganisms (Klinke et al. (furfural) and 5-hydroxymethyl-2-furaldehyde (5-hydroxymethylfurfural, HMF) are potent and representative inhibitors produced during biomass pretreatment, especially by economic dilute acid hydrolysis (Chung and Lee 1985; Taherzadeh et al. 1999; Larsson et al. 1999; Luo et al. 2002; Liu and Blaschek 2009) . Furfural and HMF are formed by dehydration of pentoses and hexoses released from hemicelluloses and celluloses, respectively (Antal et al. 1991; Lewkowski 2001) . These inhibitors damage cell walls and membranes, inhibit cell growth, reduce enzymatic activities, break down DNA, inhibit protein and RNA synthesis, and reduce ethanol production (Liu and Blaschek 2009; Sanchez and Bautista 1988; Khan and Hadi 1994; Modig et al. 2002) . Few strains are able to withstand the inhibitory toxicity, and additional procedures are often required to remove or reduce the toxicity levels (Liu et al. 2008a, b; Liu and Blaschek 2009) . Overcoming the inhibitor stress is one of the fundamental challenges in achieving a low-cost and sustainable lignocellulose-to-ethanol industry.
Saccharomyces cerevisiae is a traditional yeast used for industrial ethanol production but susceptible to aforementioned inhibitors and other stress conditions related to lignocellulosic biomass conversion. Yeast strains tolerant to single and combined inhibitors of furfural and HMF were recently developed (Liu et al. , 2008a . A dose-dependent response of yeast to furfural and HMF has been characterized and a lag phase used to measure levels of strain tolerance (Taherzadeh et al. 2000; Liu et al. 2004 ). Furfural and HMF can be reduced to 2-furanmethanol (FM) and 2,5-bis-hydroxymethylfuran [furan-2,5-dimethanol (FDM)], respectively ( Fig. 1 ) (Morimoto and Murakami 1967; Villa et al. 1992; Liu et al. 2004; Liu 2006) . They can further break down to related organic acids (Taherzadeh et al. 2000; Nemirovskii et al. 1989; Palmqvist et al. 1999; Horvath et al. 2003) . Under the inhibitor challenged conditions, once furfural and HMF fell to a certain lower level of concentrations, glucose consumption by yeast can be accelerated at a faster rate than would normally occur (Liu et al. 2004 ). Genomic adaptation is likely to happen at this stage (Liu 2006; Liu and Slininger 2006) . Glycolysis and pentose phosphate pathway are major routes for glucose metabolisms that provide energy and important intermediate metabolites for biosynthesis and ethanol production. Unfortunately, important enzymes of glycolysis were inhibited by furfural (Banerjee et al. 1981) . On the other hand, numerous genes and enzymes were reported to be associated with enhanced tolerance to furfural or HMF (Nilsson et al. 2005; Gorsich et al. 2006; Petersson et al. 2006; Almeida et al. 2008) . It has been reported that multiple gene involved NAD(P)Hdependent aldehyde reductions is a mechanism of the detoxification of furfural and HMF (Liu et al. 2008b) .
Genetic manipulation of one or a few genes is a common approach to improve a specific trait of yeast. However, when an integrated cell performance of QTLs (quantitative trait loci) or a group of balanced multiple functions is concerned, such methods often fall short in achieving satisfactory outcomes. For example, economic ethanol production and stress tolerance of yeast involving multiple genes is beyond the control of a small number of gene manipulations. By using an evolutionary adaptation procedure in laboratory settings mimicking natural selection under pressure, we developed tolerant ethanologenic yeast Saccharomyces cerevisiae NRRL Y-50049 that can in situ detoxify furfural and HMF while producing ethanol (Liu et al. 2008b ). The tolerant yeast is able to grow on lignocellulosic hydrolysates pretreated by dilute acid hydrolysis containing high levels of inhibitors. Here, using a robust mRNA standard for qRT-PCR array assays, we investigate transcription dynamics and gene interactions during the lag phase in the two major pathways involving glucose metabolism under the furfural-HMF stress. Our
Fig. 1 Conversion pathways of 2-furaldehyde (furfural) and 5-(hydroxymethyl)-2-furaldehyde (HMF) into 2-furanmethanol (FM) and furan-2,5-dimethanol (FDM) coupled with NADH and/or NADPH and catalyzed by multiple reductases and possible break down to varied organic acids results indicated that the tolerant yeast Y-50049 was able to withstand the inhibitor stress and in situ detoxify the inhibitors while producing ethanol through the reprogrammed transcription responses and altered metabolic pathways. A well maintained NAD(P)H redox balance appeared to be significant for numerous genes involved in the reprogrammed pathways.
Materials and methods
Yeast strains, medium, and culture conditions Ethanologenic yeast strain S. cerevisiae NRRL Y-12632 and its tolerant derivative NRRL Y-50049 by environmental engineering (patent culture deposit) were used in this study (Agricultural Research Service Culture Collection, Peoria, IL, USA). Yeast strains were recovered from a lyophilized stock, maintained on yeast extract medium, incubated on a fleaker system, cultured, and treated by furfural and HMF at a final concentration of 20 mM each using procedures as previously described (Liu et al. 2004 . Two replicated experiments were carried out for each strain and condition.
Sample collection and analysis
Cell growth was monitored by absorbance at OD 600 during the fermentation. The time point at the addition of the inhibitors after 6 h growth was designated as 0 time point. Samples were taken at 0, 1, 16, 24, 42, 48, and 65 h after the inhibitor treatment. Metabolic conversion profiles including glucose, furfural, HMF, ethanol, FM, FDM, and acetic acid of each sample were analyzed using a Waters high-performance liquid chromatography (HPLC) equipped with an Aminex Fast Acid column (Bio-Rad Laboratories, Hercules, CA) and a refractive index detector as previously described (Liu et al. 2004 (Liu et al. , 2008b . Yeast cells were harvested and the frozen cell samples were stored at -80°C until use.
Standard of mRNA controls
Five external mRNA species, beta-2-microglobulin (B2M), major latex protein (MSG), chlorophyll A-B binding protein of LHCI type III precursor (CAB), ribulose bisphosphate carboxylase small chain 1 precursor (RBS1), and beta-actin (ACTB), were synthesized in vitro as described previously (Liu and Slininger 2007) . A control mix was prepared consisting of accurately calibrated mRNA transcripts of MSG, CAB, RBS1, and ACTB at 0.1, 1, 10, and 1,000 pg per ll, respectively. This control mix served as a calibration standard. A standard curve was constructed for each set of qRT-PCR run. A reaction with corresponding primers but without a template of B2M was used to serve as a non-template negative control. The control gene CAB from soybean at an input mRNA of 1 pg was designated as a sole exogenous RNA reference to set up a manual threshold for data acquisition and analysis of each qRT-PCR run.
Gene selection and primer design
Based on transcriptome profiling of ethanologenic yeast under the inhibitor stress conditions using microarray Liu 2006 ), glycolysis and pentose phosphate pathways were chosen for qRT-PCR array assays. Genes involved in these two pathways were selected according to the KEGG database (Kanehisa et al. 2006) . PCR primers were designed based on sequence source of Saccharomyces genome database (Fisk et al. 2006 ) with an aid of primer screening using Primer 3 software (Rozen and Skaletsky 2000) . The length of designed amplicons of all test genes ranged from 100 to 150 bp (Supplementary Table 1 ). Only those significantly affected genes were reported in this study.
Reverse transcription incorporated with mRNA control
The total RNA was isolated from each of two biological and two technical replications using a protocol as previously described (Liu and Slininger 2007) . RNA integrity was verified by gel electrophoresis and NanoDrop Spectrophotometer ND-100 (NanoDrop Technologies, Inc., Wilmington, DE). Reverse transcription reaction was prepared by adding 1 ll of a control mix consisting of a set of the above-mentioned accurately calibrated mRNA transcripts into 2 lg of a host total RNA, 0.5 lg of oligo (dT) 18 , and 1 l of 10 mM of dNTP mix. The volume was adjusted by water to 13 ll, then mixed well and incubated at 65°C for 5 min. The reaction tubes were chilled on ice for at least 1 min and the following was added: 4 ll 5X first strand buffer, 1 ll of 0.1 M DTT, 1 ll SuperScript III (200 U/ll) (Invitrogen, CA), and 1 ll RNaseOUT (40 U/ll) (Invitrogen, CA). The final volume of the reaction was 20 ll. The volume of this reverse transcription reaction can be proportionally enlarged to 80 ll for consistent performance in our laboratory. The reaction was incubated at 50°C for 1 h, 70°C for 15 min, and 4°C to end the reaction using a PCR cycler.
Real time qRT-PCR SYBR Green iTaq PCR master mix (BioRad Laboratories) was applied for each qRT-PCR reaction. For each reaction, a total of 25 ll was used consisting of 12.5 ll 2X SYBR Green MasterMix, 0.5 ll each of forward and reverse primer (10 lM each), 0.25 ll cDNA template and 11.25 ll H 2 O. On each 96-well plate, reactions of qRT-PCR were carried out with two replications for each control gene except for the control CAB of three replications. All reactions of tested target gene were run duplicated. Ctrl_B2M served as a non template negative control for each plate. PCR was run on an ABI 7500 real time PCR system using a defined profile.
Data analysis
The mean value of three CAB amplifications on a plate was designated and used as a constant reference to set up a manual threshold at 26 Ct (cycle number) for data analysis. This sole reference served as a constant standard for data acquisition and analysis for each and every qRT-PCR run. The data then were exported to an Excel file and treated using a custom-programmed macro Visual Basic function. Statistical analyses were performed using statistical function tools of Microsoft Excel. A standard curve was constructed for each plate run and a master equation was generated using the sum of data. Comparison of variation between individual standard curve and the master equation was done to validate a standard application. PCR amplification efficiency for each reaction run was calculated as previously described (Livak and Schmittgen 2001; Liu and Saint 2002; Applied Biosystem, 2006) .
Gene interactions and regulatory networks
All selected genes were grouped into 32 clusters based on expression time course for the yeast using a hierarchical variable clustering algorithm in R (R Development Core Team 2008), with the absolute Pearson correlation coefficient greater than 0.95. This step eliminated the competition of all highly linearly correlated genes during modeling. Each cluster was represented by a gene most similar to other genes in the cluster. Only the representatives were used in the network modeling. The expression levels of representatives were quantified into three levels of low, normal, and high concentrations. A recently developed generalized logical network model (Song et al. 2009 )-a discrete-time dynamical system model-was applied. This model represents nonlinear temporal interactions among genes and is reconstructed by searching for statistically significant temporal associations among genes over time courses. The associations as directed edges were detected by applying chi-square tests for each node on the transitions occurring at each time point. The network reconstruction controls the false positive rate, making it unique from other modeling approaches, such as Bayesian networks (Friedman 2004 ). The Markovian orders of both 0 and -1 were searched. A Markovian order of -k signifies that the expression of one gene at time t is examined for association with gene expression of another gene at up to k time points back into history. The maximum number of parents per node was 2. The program was written in C?? with parallel computing capability and tested on both Windows XP and SuSE Linux operating systems.
Results

Robust standard and master equation for absolute quantification of mRNA abundance
To ensure reproducibility and comparability of qRT-PCR data, we used an improved robust external mRNA control CAB, a unique soybean gene showing no homologous DNA sequence with microbial genomes including yeast, as a fixed threshold for data acquisition (see Materials and methods). Using CAB as a sole reference to set a manual threshold at 26 Ct for data acquisition, raw data were normalized and analyzed for the entire PCR reactions in 38 individual 96-well plate runs. A standard curve was constructed for each of 38 individual plates applying the universal quality control genes MSG, CAB, RBS1, and ACTB. Since variations of the slopes and intercepts of the regression lines were statistically ignorable (Table 1,  Supplementary Table 2 ), a master equation was further established using the pooled data for all reference control 2) and validated by the accurate estimation for known input mRNA (Table 1) . Based on robust performance of the universal controls, we obtained a master equation of standard curve using the total sum data as follows:
where X represents mRNA (log pg) and Y equals qRT-PCR cycle number (Ct) estimated for all reactions performed on the ABI 7500 real time PCR System. Average amplification efficiency of the PCR was 90% for all reactions using the master equation, which fell into valid efficiency ranges of qRT-PCR assay as described previously (Applied Biosystem, 2006) . Thus, mRNA mass of all reactions regardless experimental conditions was estimated using the validated master equation. The external RNA control has been recognized having numerous advantages over the variable housekeeping gene controls for expression analysis (Baker et al. 2005; External RNA Control Consortium 2005) . The robust mRNA control system and application of the master equation by this study provided consistent reference for the qRT-PCR assay and allowed comparisons of data derived from various experimental sets. Such a robust reference has become a necessary tool for pathway-based qRT-PCR array analysis.
Cell growth and metabolic conversion profiles Cell growth was inhibited and an extended lag phase observed for both strains treated by combined inhibitors of furfural and HMF, each at a final concentration of 20 mM (Fig. 3a) . After 42 h, tolerant strain Y-50049 showed a dramatic recovery of cell growth and quickly entered into a log phase. In contrast, strain Y-12632 failed to recover and was unable to establish a viable culture till 65 h after incubation. Similarly, metabolic profiles of these strains demonstrated delayed metabolic conversion process as measured by HPLC analysis. Y-50049 showed accelerated glucose consumption at 42 h after a slow initiation response and completed ethanol production no more than 65 h. Y-12632, on the other hand, showed no glucose consumption activity at all (Fig. 3b) . As expected, for Y-50049 cultures, concentrations of furfural and HMF were reduced with increased corresponding conversion products of FM and FDM, respectively (Fig. 3c, d ). In contrast, the control parental strain Y-12632 failed to recover and was unable to establish a viable culture until 65 h after incubation. The cell growth and metabolic profiles are highly correlated with the mRNA expression profiles related to glycolysis and pentose phosphate pathways. In addition, a small amount of acetic acid was observed to be produced earlier for Y-50049 than that of Y-12632 (data not shown).
Enriched genetic background of tolerant strain Y-50049
The tolerant strain NRRL Y-50049 is derived from wild type Y-12632 and a stable culture that carries different genetic background from its parental strain. Y-50049 displayed enhanced gene expression profiles distinct from the control Y-12632. At least 16 genes, including HXK1, HXK2, GLK1, TDH1, TDH3, LAT1, PDC6, ADH4, ALD2, ALD4, ZWF1, SOL3, RBK1, TAL1, NQL1, and PRS2 demonstrated significantly higher levels of mRNA transcripts prior to the inhibitor treatment compared with that of the parental strain Y-12632 (Figs. 4, 5 ). Such differences of the enriched genetic background were obvious as measured 6 h after cultivation and before the inhibitors were added. Many of these genes showed 4-6-fold enhanced expressions. Examples included hexoskinase encoding genes HXK1 and HXK2, glyceraldehyde-3-phosphate dehydrogenase gene TDH1, dihydrolipoamide acetyltransferase component (E2) of pyruvate dehydrogenase complex gene LAT, major mitochondrial aldehyde dehydrogenase gene ALD4 and TAL1 that encodes transaldolase. Tolerant response to the furfural-HMF stress by strain Y-50049
Distinct dynamic transcriptome response can be detected immediately after the inhibitor challenges. At 1 h after the inhibitor treatment, PGI1, PFK1, PFK2, FBA1, and TPI1, significant genes involved in catalyzing glucose-6-phosphate to glyceraldedyde-3-phosphate at the earlier steps of glycolysis, were repressed for both strains (Fig. 5) . Y-12632 showed continued inhibition in cell growth and expression of increased number of genes over time and failed to function eventually. However, Y-50049 was able to withstand and recover from the inhibitor challenge. HXK1, GLK1, TDH1, LAT1, PDC6, ALD4, SFA1, ADH6, ADH7, and ALD4 showed significantly enhanced transcription levels for Y-50049 compared with that of Y-12632 (Fig. 5, Supplementary Table 3 ). Among these, glyceraldehyde-3-phosphate dehydrogenase gene TDH1 and alcohol dehydrogenases gene ADH7 displayed significantly high transcript copy numbers of 18-and 35-fold, respectively, compared with the Y-12632 background. Gene transcription levels of PGK1, ENO1, ENO2, PYK2, CDC19, PDA1, and PDB1 encoding varied enzymes for phosphate transferring and extended pyruvate metabolisms did not show significant changes at 1 h after the inhibitor challenge. Transcription levels were low at 16 h for numerous genes in glycolysis and pentose phosphate pathways for both strains. However, many genes were recovered to normal or near normal function levels at 42 h for Y-50049 (Fig. 5, Supplementary Table 3 ). In contrast, Time (hour) Fig. 3 Copy number (nx10^8) Some significant genes involved in the pentose phosphate pathway such as ZWF1, SOL3, GND1, GND2, NQM1, and RBK1 were induced expressed for both strains by furfural and HMF. ZWF1 encoding enzyme to catalyze the first oxidative reduction of NADP ? to NADPH was induced significantly higher for Y-50049 at 1 h. Among three members of SOL gene family, SOL3 showed the most significant and consistent induced expression over time. GND1 and GND2 encoding enzyme catalyzing the second oxidative phase in releasing of NADPH were consistently enhanced expressed, especially for GND2 which reached significantly high levels of more than 10-fold increase at 16 h for Y-50049.
Pathways of in situ detoxification of furfural and HMF by strain Y-50049
Since the metabolic conversion dynamics of the inhibitors were highly corresponding to the induced abundant transcripts of all these reductase genes under the furfural-HMF stress we constructed the in situ detoxification pathways by the tolerant Y-50049 in relationship to the altered glycolysis and pentose phosphate pathways (Fig. 6) . The enhanced expression of ZWF1 appeared to drive glucose metabolism in favor of pentose phosphate pathway over glycolysis at an earlier step of the glucose metabolism. Consequently, all other cofactor NAD(P)H regenerating steps involving ZWF1, GND1, GND2, and TDH1 were up-regulated for Y-50049. Aldehyde reduction enzyme encoding genes ALD4, ALD6, ADH6, ADH7, and SFA1 displayed significantly high abundant transcripts induced at the earlier time points in the presence of furfural and HMF (Fig. 5) . These accelerated NAD(P)H-dependent reductions of acetaldehyde, furfural, and HMF would generate sufficient NAD ? and NADP ? . In return, the supplementary NAD(P)
? supplies provided the necessary cofactors needed for oxidative reactions or NAD(P)H regenerations by Zwf1p, Gnd1p, Gnd2p, Tdh1p, and Ald4p. Thus, an NAD(P)
? /NAD(P)H-dependent redox balance is likely well maintained in the altered pathways for in situ detoxification of furfural and HMF.
Interactions and regulatory networks of selected genes for tolerant strain Y-50049
Although our in situ detoxification pathways, based on known pathways, are derived from qualitatively observing gene expression patterns, we show further here that our pathway model is also quantitatively supported by those statistically significant interactions reconstructed from the observed data using independent data-driven gene regulatory network modeling without prior knowledge. The generalized logical network modeling approach (Song et al. 2009) assesses the statistical significance of potential gene interactions using a statistical chi-square test, and it only selects the most significant interaction for each gene. It explicitly controls the false positive rate, which is an improvement from previous network modeling approaches (Song and Liu 2007) . Generalized logical network models constructed based on expression data were distinctly different between the two strains of Y-50049 and Y-12632 (data not shown). High levels of transcription and enhanced earlier expressions of HXK1, HXK2, and GLK1 appeared to be centers of statistically significant interactions (p value B 0.05) with other genes. Among these, consistent interactions relevant to the observed yeast tolerance and detoxification included interactions of HXK1 with ZWF1,
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Glyceraldehyde-3P Fig. 6 A schematic ALD4, ALD6, ADH6, and RBK1; HXK2 with RBK1, SFA1, TDH3, and PDC6; and GLK1 with TDH1 and ADH7. Following the first step of glycolysis pumped by HXK1, HXK2, and GLK1, interactions between the groups of cofactor regenerations and the functional reductases were highly significant (Fig. 7) . These results were consistent and provide statistical significance support to our proposed detoxification pathways. The significant relationships among GLK1, TDH1, and ADH7 (Figs. 6, 7 ) represent a typical model of the redox balance and the detoxification of furfural and HMF by the tolerant yeast.
Discussion
Applying an enhanced gene expression tool, a pathwaybased qRT-PCR array validated by the robust external mRNA controls, we presented unique pathways to demonstrate mechanisms of the acquired tolerance and the in situ detoxification of furfural and HMF by the tolerant ethanologenic yeast S. cerevisiae NRRL Y-50049 based on metabolic profiling analyses and dynamics of absolute quantification of mRNA transcripts. The recent development of the tolerant yeast (Liu et al. 2008b ) and the identification and synthesis of HMF metabolic conversion product FDM (Liu et al. 2004 ) are necessary to make this study possible.
The robust performance using the control gene CAB as sole standard of a fixed manual threshold setting and thereafter the use of the master equation provided reliable and consistent absolute quantification reference for real time qRT-PCR assays. As demonstrated by this study, such a standard measurement is independent from toxic treatment, culture conditions, varied strains, and different set of reactions that allow comparison of data obtained from different conditions and sources. It has significant advantages over variable housekeeping genes used in qRT-PCR assays (Baker et al. 2005 ; The External RNA Control Fig. 7 A generalized logical network model for selected genes of Saccharomyces cerevisiae NRRL Y50049 based on quantitative dynamic expression data using pathway-base qRT-PCR array analysis. The nodes in the network represent the selected genes. A node with two or more gene labels suggests that the time courses of the represented genes are highly linearly correlated and thus treated equally. The directed edges in the network indicate statistically significant (p value B 0.5) nonlinear temporal associations among the genes. The p value of each interaction is shown next to the corresponding edge. Arrowed lines indicate direction of influence in an interaction. The thicker edges denote those interactions that are consistent with the proposed pathways of glucose metabolisms and detoxification of furfural and HMF. Highlighted nodes with gene names in bold font are the end points of those thicker lines that are biologically relevant. Key genes involving NAD(P)H regenerations are circled in blue and significant genes involving aldehyde reductions consistent with the reprogrammed pathways circled in orange. Three important enhanced expressed genes involving the initial step of glucose phosphorylation and energy release are boxed in green Consortium 2005). Such a development significantly improved reliability, reproducibility, and throughput of the qRT-PCR and simplified the conventional practice of the assay.
Redox metabolism, in the form of interconversion of the pyridine-nucleotide co-factors NADH/NAD ? and NADPH/NADP ? , plays a key role in the metabolism of yeast. NADH is required in respiration and fermentative pathway in conversion of pyruvate to CO 2 and ethanol; and NADPH is mainly required for the synthesis of amino acids and nucleotides. Furfural conversion to furan methanol and HMF to furan dimethanol are NAD(P)H-dependent reduction activities by multiple enzymes (Petersson et al. 2006; Song and Liu 2007; Liu et al. 2008b; Song et al. 2009 ). These reduction reactions consume NADH and NADPH. Therefore, a well maintained redox balance is critical for efficient conversion and in situ detoxification of furfural and HMF. A major source of NADPH production in yeast is through the oxidative phase of pentose phosphate pathway. Since expressions of ZWF1, SOL3, GND1, and GND2 were up-regulated at earlier time points, pentose phosphate pathway became a dominant reprogrammed path for glucose metabolisms and inhibitor conversions for Y-50049. These genes along with enhanced expressed TDH1 are significant for NADPH regenerations to supply necessary cofactors needed for acetaldehyde conversion and reduction of furfural and HMF. We previously observed that deletion mutants of ZWF1 and GND1 were highly sensitive to furfural and HMF (Gorsich et al. 2006 ). Significant effect of phosphogluconate dehydrogenase in redox metabolism has been demonstrated (Bro et al. 2004 ). Apparently, enriched genetic background by aforementioned genes and a well maintained redox balance through the reprogrammed expression responses of Y-50049 were likely accountable for the acquired tolerance and detoxification of the inhibitors.
Glycolysis and pentose phosphate pathway are closely related pathways for glucose metabolism. This close relationship is of such significant importance that the two pathways cannot be viewed separately in the view of yeast tolerance and detoxification of furfural and HMF. For Y-50049, after initiation stage of phosphorylation of glucose by enzyme encoding genes HXK1, HXK2, and GLK1, glucose metabolism apparently shifted toward pentose phosphate pathways than glycolysis due to significantly induced expression of ZWF1, SOL3, GND1, and GND2 and repression of glycolytic enzyme phosphoglucose isomerase pathway. Such a pathway shift appeared to be significant for Y-50049 to carry continued glucose consumption and detoxification metabolism under the inhibitor stress.
It is known that furfural and HMF inhibit yeast growth and cause delayed glucose consumption at a tolerable dose (Taherzadeh et al. 2000; Liu et al. 2004 . The reprogrammed transcription responses and the altered metabolic pathways presented in this study can also explain such observations that yeast has an accelerated glucose conversion rate once cells recovered from the inhibitor challenges than would normally occur without furfural and HMF. As demonstrated in this study, inhibition of glucose phosphorylation, together with repression of PFK1, PFK2, PYK2 and CDC19 expressions was likely to be the mechanism of the delay of glycolysis by furfural and HMF. This delayed biological process in yeast is also attributed to a lack of ATP, NAD(P)H, and carbon intermediate metabolites necessary to support cell growth and reproduction (Fisk et al. 2006; Liu 2006) . Comparing the susceptible parental strain Y12632, gene transcription levels of PGK1, ENO1, ENO2, PYK2, CDC19, PDA1, and PDB1 encoding varied enzymes for extended pyruvate metabolisms did not show significant effect by the inhibitor challenge at earlier time points for the tolerant Y-50049. Transcription levels were low for numerous other genes in glycolysis and pentose phosphate pathways for both strains. However, most of these genes were able to recover to normal function levels at 42 h for Y-50049, whereas those for Y-12632 continued to be repressed by the furfural and HMF treatment that eventually led to no viable cell functions after 42 h.
Over 300 genes were found to be statistically significant in response to the inhibitor challenges for the ethanologenic yeast genome (Liu 2006) . Numerous members of PDR gene family and key transcription factors played significant roles in regulating global transcription response to the bioethanol conversion inhibitors (Song and Liu 2007; Song et al. 2009 ). Puzzles of many complex pathways at the genome level remain unresolved. Nonetheless, regarding the in situ detoxification of furfural and HMF metabolic pathways involving glycolysis and pentose phosphate pathway, at least three significant groups of events of the reprogrammed evolutionary engineering are accountable for the acquired tolerance of Y-50049. First, initial high abundant transcript levels of at least 16 genes were critical enablers for Y-50049 to withstand the inhibitor stress. This represents the enriched genetic characteristics of Y-50049. Second, more than a dozen genes immediately responded with induced expression, specifically, the genes with continued enhanced expression over time enabled Y-50049 to function and detoxify furfural and HMF into corresponding furan methanol with a well maintained redox balance. Third, the integrated transcription response and reprogrammed regulatory networks, including those significantly enhanced expressed and as well as many initially repressed but able to recover to normal function levels at a later time, which allowed Y-50049 to maintain a balanced biological process to complete ethanol fermentation. In the absence of such reprogrammed transcription responses at the genome level as shown by the control yeast Y-12632, continued inhibition and repression by furfural and HMF led the yeast to lost function and eventually death. Our results guide continued efforts in developing stress tolerant ethanologenic yeast for a sustainable lignocellulosic biomass-to-ethanol industry.
